Simulations of tropical atmospheric circulation response to surface warming vary substantially across models, causing large uncertainties in projections of regional precipitation change. Understanding the physical processes that drive the model spread in tropical circulation changes is critically needed. Here we employ the basic mass balance and energetic constraints on tropical circulation to identify the dominant factors that determine multidecadal circulation strength and area changes in climate models. We show that the models produce a robust weakening of descent rate under warming regardless of surface warming patterns; however, ascent rate change exhibits inter-model spread twice as large as descent rate because of diverse model responses in the radiative effects of clouds, water vapor, and aerosols. As ascent area change is dictated by the disparate descent and ascent rate changes due to the mass budget and the inter-model spread in descent rate change is small, the model spread in ascent area change is dominated by that of ascent rate change, resulting in a strong anti-correlation of -0.85 between the fractional changes of ascent strength and area across 77 climate model simulations. This anti-correlation leads to a corresponding inverse relationship between the rates of precipitation intensifying and narrowing of the inter-tropical convergence zone (ITCZ), suggesting tropical ascent area change can be potentially used to constrain the ITCZ precipitation change. Longwave cloud radiative effect at the topof-atmosphere (TOA) in the convective region is identified to be a major source of uncertainties for tropical ascent rate change and thus for regional precipitation change. 
INTRODUCTION
Accurate prediction of regional precipitation response to longterm surface warming is critical to decision making regarding adaptation and mitigation strategies. However, climate model predictions of regional precipitation change contain large uncertainties. Previous studies have shown that the circulationrelated dynamic component of precipitation change is the primary contributor to the inter-model variance in regional precipitation predictions. 1, 2 Thus, it is a top priority in climate research to better understand and reduce discrepancies in model simulations of atmospheric circulation response to surface warming. 2 Tropical circulation systems such as the Hadley Circulation and Walker Circulation consist of prevailing ascending and descending regions. Thermodynamic theories postulate that the strength of tropical overturning circulation would weaken in response to surface warming in terms of both mean ascent and descent rates [3] [4] [5] and the ascent area would tighten [6] [7] [8] [9] while the descent area expands poleward. 10, 11 During the satellite era since 1979, many studies showed tropical circulation especially the Walker Circulation have strengthened along with a steady increase of global-mean surface temperature (T s ), [12] [13] [14] [15] [16] [17] [18] although a weakening of the Walker Cell was found in other studies that covered longer temporal periods, 19, 20 motivating a number of studies to reconcile the apparent contradiction between the thermodynamic theories and the observations. Climate models driven by observed sea surface temperature (SST) approximately capture the Walker Circulation strengthening, but most coupled model simulations fail to reproduce the observed signal and a large inter-model spread exists in the simulated decadal circulation change. [21] [22] [23] It was shown that the change of east-west SST gradient associated with the decadal variability in the tropical Pacific or the frequency of central-Pacific El Niño is responsible for the observed strengthening of the Walker Circulation since 1979. 18, [21] [22] [23] However, large differences exist in the simulated trends of the circulation strength even when observed SST is prescribed in the model experiments, demonstrating that model representations of atmospheric processes have significant discrepancies.
In this study, we present a unique perspective to decipher the diverse circulation responses to surface warming in climate models. Using a large number of simulations available from the Couple Model Inter-comparison Project Phase 5 (CMIP5), we seek robust and consistent signals across the models and identify the dominant physical processes that govern the inter-model spread in tropical circulation changes. In particular, we treat the tropics (30°S-30°N) as two boxes corresponding to the ascending and descending branches of the overturning circulation with uniform ascent rate (W u ) and descent rate (W d ) in each box, respectively. 24, 25 The area fractions of the ascending and descending boxes are denoted as A u and A d , respectively, with A u + A d = 1. The caveats for this simplified framework are discussed later. We show that a weakening of W d with warming is simulated in all models with relatively small model spread, but W u can increase or decrease because of model differences in simulating the radiative effects of clouds, water vapor, and aerosols. A strong anticorrelation exists between the fractional changes of W u and A u across the models because of the dichotomy between the model representations of the descent and ascent responses to warming. This anti-correlation was reported in Byrne et al. 26 but its mechanism was not fully explored. We further show this anticorrelation leads to "the wetter the narrower" ITCZ response across the models. It is found that different longwave cloud radiative effects in the convective region are a primary contributor to the diverse W u and A u sensitivities to surface warming. Figure 1) . As the Hadley Circulation expands poleward under global warming, 10, 11 the imbalance between the ascent and descent mass fluxes within 30°S/N would increase. Let us first ignore the mass imbalance for simplicity but quantify its impact later. Making use of the relation
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dTs in the fixed latitudinal band, we can write the fractional change of the ascent area as
Defining the ascending region by monthly-mean vertical pressure velocity at 500 hPa (ω 500 ) < 0, we compute the fractional changes of W u , W d , and A u per degree of T s increase using the linear trends of dTs not explained by Eq (1), we use this simple framework to interpret the relationships between the changes in the circulation strength and area.
It is also evident in Fig. 1 Energetic control of the ascent and descent rates The moist static energy (MSE) budget framework combines thermodynamic and moisture equations and effectively cancels convective heating and moisture sink. It has been used extensively in studies of tropical dynamics. [27] [28] [29] Considering the weak temperature and moisture gradients in the tropics and the dominance of the first baroclinic mode in vertical motion, 30- 
Similarly, over the tropical descent zone, the net energy loss in the free troposphere (F d net ) must be balanced by adiabatic warming associated with subsidence so that W d = F d net /DSS, where DSS represents the dry static stability. 4 We use DSS = − T θ ∂θ ∂P at 500 hPa, where T is temperature and θ is potential temperature (see methods). Therefore, the fractional change of W d depends on the 
The diverse responses of W d and W u in the models are shown in Fig. 2 33 showed that uniform SST warming leads to a robust weakening of descent rate in 8 aquaplanet model simulations regardless of whether or not cloudradiative interactions are included, but the ascent rate and area changes are more variable with even different signs, suggesting that the dichotomy between the descent and ascent responses to warming also occurs under idealized model configurations.
It is worth noting that the changes of W u per degree of surface warming do not follow the effective convective mass flux (M c ) derived from the differential responses of global-mean precipitation and boundary layer moisture, Figure 4b) . Given unit surface warming, W u can increase or decrease, but M c always decreases. It is important to distinguish these two quantities even though in some cases their changes are of the same sign, such as for centennial changes in the RCP4.5 runs (Fig. 2) .
In contrast, the weakening of W d in all models is consistent with the expectation that the increase of DSS with warmer T s dominates over the increase of radiative cooling. 4, 34 When the surface warms, tropical tropospheric temperature profiles tend to follow moist adiabats so that upper troposphere warms more than lower troposphere, resulting in a more stable atmosphere. The increase of DSS with warming is consistently simulated in all models, despite of quantitative differences between the experiments (Fig. 2) (Fig. 3a) reveals a negative correlation of -0.34 (statistically significant at 99% level), while the fractional change of W d without normalization of the T s trend yields a higher negative correlation of -0.72 with that of DSS (Fig. 3b) , confirming the dominance of the DSS change in driving the reduction of large-scale subsidence. The correlation between The relatively small inter-model spread in the T s -normalized (Fig. 2) . On the other hand, the model spreads in Figure 5) , suggesting that the AMIP and historical T s differences are mainly due to natural variability. The SST gradients can drive low-level winds and convergence, 35 which directly affect evaporation and sensible heat flux. Greater lower-level convergence can promote stronger convection and higher cloud top, which can lead to stronger cloud longwave warming effect. The increase of water vapor may also contribute to net warming in the atmosphere. The enhanced energy flux into the ascending region can drive a strengthening of the ascent and induces a positive feedback between circulation and the radiation effects of clouds and water vapor, 34, 36 which can in turn influence the distributions of SST in the coupled simulations.
We have examined each component of F u net in the models. It is found that the longwave cloud radiative effect at the TOA (positive for outgoing fluxes) has the highest correlation (R = -0.52) with 1 Wu dWu dTs (Fig. 4b) , followed by clear-sky shortwave absorption in the atmosphere (R = 0.43) (Fig. 4c) . The models with a reduced TOA outgoing longwave radiation (OLR) associated with cloud changes tend to have a strengthening of ascent, i.e., the more longwave trapping by clouds, the greater strengthening of ascent. The increase of cloud top height, cloud amount or cloud thickness all could contribute to the reduction of OLR in the cloudy region. The discrepancies in the modeled cloud radiative effects are caused partly by different SST patterns (such as the differences between the AMIP and historical experiments) and partly by different model parameterizations of deep convection and cloud microphysics (such as the differences between the AMIP experiments). The correlation between 1 Wu dWu dTs and the cloud longwave radiative effects is -0.56 in the historical experiments alone, but becomes insignificant within the AMIP and RCP4.5 experiments, indicating the effects of other processes on the ascent strength change.
Inaccurate model parameterizations of water vapor absorption of solar radiation 37 and inconsistent treatment of absorbing aerosol trends 38 could contribute to the clear-sky shortwave absorption disagreements (Fig. 4c) . In the limited number of historical experiments that include the absorbing aerosol concentrations in the outputs, we find the changes of absorbing aerosol concentrations are positively correlated with the changes of clear-sky shortwave absorption in the ascent region (Supplementary Figure 6 ). Increasing absorbing aerosols would favor Nevertheless, it is clear that cloud radiative changes over the convective region add substantial diversity to the tropical ascent sensitivity to surface warming. On the contrary, the physics over the dry and non-convective region is relatively simple and consistently captured in the models with smaller inter-model spread. Albern et al. 33 also found that cloud-radiative interactions amplify the model differences in the ascent response to warming in the aqua-planet simulations.
Anti-correlation between the ascent rate and area change The mass balance between the ascending and descending boxes stipulates that the tropical ascent area change acts to offset the differential responses of W d and W u to warming (Eq. 1). The weakening of W d is predominantly driven by the rise of DSS, while the W u sensitivity to warming is largely influenced by net energy flux in the atmospheric column, for which clouds, water vapor, and aerosols can all come into play. Because the increase of DSS with warming overcomes the increase of radiative cooling in the descent region, the weakening of W d occurs in all model experiments irrespective of the SST warming patterns, although the magnitudes of the changes depend on the SST distributions and model physics. Constrained by the mass budget, ascent area would decrease when descent rate weakens if the ascent rate stays unchanged. When ascent rate also weakens such as in the RCP4.5 experiments or in the aqua-planet simulations under uniform SST warming, 33 the ascent area can increase or decrease in order to compensate for the differential changes of descent and ascent rates. Under CMIP5 projected climate change scenarios, a tightening of ascent area is commonly simulated, 7-9 suggesting there are robust physical processes at work to achieve the mass balance of tropical circulation.
Previous studies showed that the tightening of ascent area is caused by the "upped-ante" mechanism 39 and the negative MSE advection 8 in a warmer climate. The "upped-ante mechanism" states that the margin of the convective zone tends to experience suppressed convection when tropospheric temperature increases because the low-level MSE required to initiate convection has increased relative to the MSE of inflow. 39 The negative MSE advection argument posits that the narrowing of the ITCZ is primarily caused by the increased negative MSE advection associated with the mean Hadley Circulation acting on the strengthened MSE gradient between the tropics and subtropics. 8 In addition, the MSE divergence caused by transient eddies also contributes to the narrowing of the ITCZ. 8 These mechanisms are the dynamic pathways that fulfill the fundamental mass constraint.
For inter-model spread that measures the uncertainties of model simulations, the correlation between (Fig. 5a ). This is because the inter-model spread in ascent area change is dominated by the large model spread in ascent rate change since the sensitivity of descent rate change per unit surface warming is similar between the models. The lack of correlation between the inter-model spreads in Figure 5b shows there is a remarkably high negative correlation of -0.85 between the inter-model spreads of ascent area and ascent rate sensitivity to warming across the 77 model experiments. Similar high correlations exist with R = -0.85, -0.68, and -0.74 for AMIP, historical and RCP4.5 experiments, respectively. This anti-correlation results from the dichotomy between the inter-model spread in the descent and ascent rate changes. The large inter-model spread in ascent rate change dominates over the small spread in the descent rate change and determines the inter-model spread of ascent area change. Although the ascent rate can weaken or strengthen depending on cloud radiative feedbacks and other net energy flux perturbations, the ascent area would respond in a way to offset the differences between the descent and ascent rate changes. In RCP4.5 and most of the historical runs, the changes of W u and A u are of the same sign. The tightening of A u and the weakening of W u work together to balance the weakened descent rate. A relative strengthening of mean ascent rate has to be counteracted by a relative tightening of the ascent area as the weakening of descent is well constrained across the models. Byrne et al. 26 pointed out that such a negative correlation is expected for a given fractional change of mass transport, but they did not investigate the relationships between descent and ascent rate and area changes. Our study generalizes the tropical ascent area and strength definitions to include both 33 we have computed the correlations between the ascent rate and ascent area changes for the 8 models with and without cloud-radiative interactions. It is striking that the correlation is -0.92 when cloud radiation is active but becomes -0.37 when cloud radiation is turned off (Supplementary Figure 7) . Obviously, the large model spread in ascent rate change caused by the diverse cloud radiative effects is essential to the strong anti-correlation between "The wetter the narrower" ITCZ changes The strong anti-correlation between the changes of W u and A u has close relevance to precipitation change over the ITCZ. Previous studies showed that the circulation-driven dynamic component of precipitation change dominates the model differences in regional precipitation change.
1,2 Therefore, it is not surprising that the inter-model spread in mean precipitation change over the ITCZ (P u ) is closely related with the W u change (R = 0.79, Fig. 6a ). P u is the average rain rate over the ascending region where monthlymean ω 500 < 0. Because of the strong anti-correlation between 1 Wu dWu dTs and 1 Au dAu dTs , the fractional change of P u is negatively correlated with that of A u with R = -0.85 (Fig. 6b ) for all the model simulations or within each type of the experiments (R = -0.86, -0.66, and -0.68 for the AMIP, historical and RCP4.5 experiments, respectively). The model simulations with a greater strengthening (or less weakening) of the ascent rate have a larger increase of precipitation over the ITCZ but the widths of the ITCZ in these models are narrower.
"The wetter the narrower" model spread in tropical rain belt change is a direct consequence of the compensating ascent rate and area changes constrained by the weakening of the descent rate in response to surface warming, a robust result across all models. Model constraints in other physical processes such as surface evaporation may also lead to "the wetter the narrower" ITCZ precipitation change as thermodynamics and dynamics in the tropics are closely coupled. The strong anti-correlation between the changes of P u and A u across the models can serve as a powerful constraint on the model simulations of regional precipitation change. There has been observational evidence for the narrowing of the meridional width of the ITCZ in the past few decades 40 ; however, observational metrics that represent the holistic 2-dimensional extent of the ascending region would be more appropriate for comparison with the model results presented here. Quantification of the long-term trends in the observational proxies of the ascent area is imperative to assess the model performance in capturing "the wetter the narrower" ITCZ change signal.
DISCUSSIONS
This study shows that the predominant constraint on the fractional change of the tropical ascent area is the differential responses of the descent and ascent rates to surface warming. Because the descent rate response is dominated by the increase of dry static stability with warming, a universal weakening of the descent rate is simulated in the models regardless of the warming patterns, although the magnitude of the weakening is influenced by SST distributions and convergence as wave dynamics effectively transport convection-induced tropospheric temperature anomalies throughout the tropics. 30, 41 Across the models, the magnitudes of descent rate change have much smaller intermodel spread than those of ascent rate change. The disparate model responses of descent and ascent rate to surface warming have important implications.
First, a weaker descent tends to be associated with a tighter ascent because of the mass balance constraint unless a greater weakening of ascent rate happens (Eq. 1). When ascent rate intensifies, a pronounced narrowing of the ascent area occurs. This argument is not limited to the Hadley Circulation. Decadal changes of the Walker Circulation could also contribute significantly to the changes of ascent area, such as in the post-1979 period. Su et al. 9 showed that the tightening of the tropical ascent is correlated with a decrease of tropical-mean high altitude cloud fraction, which affects OLR and global-mean hydrological sensitivity. Thus, we infer that the tightening of ascent area can promote a macro-physical "iris" effect, 42, 43 in addition to the weakening of upper tropospheric radiative flux divergence discussed in Bony et al. 34 The macro-physical "iris" effect is different from the original "iris" hypothesis that focused on the microphysical processes inside convective clouds concerning precipitation and detrainment efficiencies. 44 It may not have a strong negative climate feedback as the original "iris" effect because the reduction of high cloud fraction does not necessarily lead to a net radiative cooling effect on the surface-atmosphere system. 9 Byrne and Schneider 43 showed that the macro-physical "iris" effect is not likely to exert a strong influence on global climate sensitivity because the circulation-induced TOA radiative perturbations are constrained to be small on global averages and global temperature is relatively insensitive to tropical TOA perturbations.
Second, the dominance of the inter-model spread in the ascent rate change over that of the descent rate change results in a strong anti-correlation between the ascent rate and area changes across the models, leading to "the wetter the narrower" ITCZ precipitation responses. As it is possible to measure the tropical ascent area using various space-borne observational proxies, the strong correlation between the ascent area and the ITCZ precipitation enables a useful constraint on the precipitation changes.
Moreover, we show that the ascent rate change varies substantially across the models due to the model differences in simulating the radiative effects of clouds, water vapor and aerosols. Accordingly, the magnitudes of the tightening of the ascent area vary drastically between the models. To reduce the uncertainties in tropical circulation and regional precipitation projections, improving the model physics related to deep convective clouds is critically needed.
METHODS
Models
We employ 77 climate model simulations available at the CMIP5 archive 
Moist static energy budget framework
We consider the tropical circulation consisting of two boxes of horizontally uniform properties in each box: one is moist and cloudy and the other is dry and clear. Deep convection and large-scale ascent prevail in the moist box while subsidence dominates in the dry box. Combing the energy and moisture budgets together, the moist static energy (MSE) budget in the flux form 24 for the moist box is expressed as
where the angle brackets ⧼*⧽ represent the mass-weighted vertical integral from the surface to the top of atmosphere (TOA) and h denotes MSE, i.e., h = C p T + L v q + Φ with Φ being geopotential. The variables T, q, v and ω are atmospheric temperature, moisture, horizontal winds and vertical pressure velocity, and C p and L v are specific heat at constant pressure and latent heat of condensation. The F net on the r.h.s. is the net energy flux into the atmospheric column. It includes the net downward radiative flux at the TOA (F t ↓ ) and the net upward radiative flux at the surface (F s ↑ ) plus latent (E) and sensible (H) heat fluxes, i.e.,
where S and L denote shortwave and longwave radiative fluxes, respectively, with the flux directions indicated by the arrows, and the subscripts t and s mark the TOA and surface fluxes, respectively. Considering that tropical tropospheric temperature closely follows moist adiabats under quasi-equilibrium and the vertical velocity has a baroclinic structure with a maximum in the middle troposphere, 24, 28, 29 we assume ω (x, y, z, t) = −Ω 1 (p)W u , where Ω 1 (p) is the vertical profile of the first baroclinic mode of the vertical pressure velocity and W u is the maximum strength of the vertical motion. The gross moist stability (GMS), which considers the effect of moisture on net atmospheric instability, can be defined as GMS = 〈Ω 1 (−∂ p h)〉. Thus, the dominant control on the tropical ascent rate is W u = F u net /GMS. For the descent box, radiative cooling balances against adiabatic warming so that W d = F d net /DSS. The dry static stability DSS = − T θ ∂θ ∂P at 500 hPa is used, where T is temperature and θ is potential temperature. We derive DSS using monthly T and θ at 500 hPa, and ∂θ ∂P is computed by center differencing of θ at 400, 500, and 600 hPa. The relationships between the changes of W u , W d , F u net and DSS averaged over the ascent (ω 500 < 0) and descent (ω 500 > 0) regions within 30°S-30°N are analyzed in the study.
Significance tests for the correlation coefficients
For 77 independent samples, the 2-sided student-t test requires that the magnitude of correlation coefficient R ≥ 0.22 for the 95% significance level and R ≥ 0.29 for the 99% significance level. In this study, most correlation coefficients are statistically significant at the 99% significance level, unless noted otherwise.
Code availability
The analyses were conducted using MATLAB. All programing codes are available upon request from the corresponding author.
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The CMIP5 model simulations used in this study are all publicly available at https:// cmip.llnl.gov/cmip5/data_portal.html. All analysis results and the code used during the study are available on request from the corresponding author.
